The chicken retina contains rhodopsin (a rod visual pigment) and four kinds of cone visual pigments. The
chicken cone pigments, and that group Rh including vertebrate rhodopsins diverged from group M2 later. Thus, it is suggested that the gene for scotopic vision (rhodopsin) has evolved out of that for photopic vision (cone pigments). The divergence of rhodopsin from cone pigments was accompanied by an increase in negative net charge of the pigment.
retinas, might belong to one of the known groups or to a previously undisclosed one.
In addition, chicken green-sensitive cone pigment (chicken green) combines characteristics normally found only in rhodopsins with those in cone pigments. Chicken green (508 nm; ref. 9 ) has an absorption maximum closer to the rhodopsins (around 500 nm) than does any other cone pigment that had been sequenced. Furthermore, it, like rhodopsin, has a high affinity for concanavalin A (8, 9) , suggesting that its oligosaccharide chains are similar to those of rhodopsin. On the other hand, unlike rhodopsin, chicken green and the other chicken cone pigments are positively charged at neutral pH as shown by the lack of affinity for DEAE-Sepharose (8, 9) . In addition, chicken green and other cone pigments are unstable in the presence of hydroxylamine even in the dark (8, 9) . Thus, chicken green possesses properties of both rod and cone pigments. These unique characteristics prompted us to determine the primary structure of chicken green and the other chicken cone pigmentsi Although our previous work (10) showed that chicken red should be classified into group L because of its similarity to human red and green, the present study clearly shows that chicken blue and green should be classified into two different groups. That is, an ancestral cone-like pigment evolved first into four groups, from one of which rhodopsins diverged later. This implies that scotopic vision appeared after animals acquired color vision.
Cone photoreceptor cells of higher vertebrates act under daylight conditions, and their characteristic color sensitivities are attributed to the visual pigments having unique absorption spectra. Humans have three kinds of cone visual pigments (1) with absorption maxima at 558 nm (human red), 531 nm (human green), and 419 nm (human blue) (2) , which have been classified into two groups on the basis of amino acid similarity (3) : long-middle wavelength-sensitive pigment (group L; human red and green) and short wavelengthsensitive pigment (group S; human blue). A recent investigation of the primary structure of cone visual pigments in monkeys supports this idea (4) .
Microspectrophotometric experiments (5-7) showed that, unlike primates, some vertebrates have a tetrachromatic color vision. In fact, four kinds of cone visual pigments were extracted from chicken retinas (8, 9) . We determined absorption maxima of the pigments, which are located at 571 nm (chicken red), 508 nm (chicken green), 455 nm (chicken blue), and 415 nm (chicken violet) (9) . It is interesting to examine whether the fourth cone visual pigment, lacking in primate MATERIALS AND METHODS Library and Probes. A chick retinal cDNA library was constructed in Agtl1 phage vector by using 5 pug of poly(A)+ RNA from 1-day-old chick retinas and a cDNA cloning kit (Amersham).
In the primary screening, a 72-nucleotide probe termed RV72 (5'-GATCATCACCACCACCATGCGGGA-CACCTCCTTCTCCGCCTTCTGCGTCGACTCCGAC-TCCTTCTGCTGAGC-3', which is antisense for Ala-GlnGln-Lys-Glu-Ser-Glu-Ser-Thr-Gln-Lys-Ala-Glu-Lys-GluVal-Ser-Arg-Met-Val-Val-Val-Met-Ile, the loop V-VI region of chicken red; ref. 10) was used. To characterize the cDNA clones isolated in the primary screening, we used three additional probes: LYS30 (5'-AGGATTGTAGATGGCA-GAGCTCTTGGCAAA-3', which is antisense for Phe-AlaLys-Ser-Ser-Ala-Ile-Tyr-Asn-Pro, the helix VII region of chicken rhodopsin; ref. 
5932
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Met-Lys-Met-Val-Cys-Gly-Lys-Ala-Met-Thr, the carboxylterminal region of human blue; ref . 3] .
The synthetic probes were radiolabeled with [y-32P]ATP by the use of Megalabel kit (Takara Shuzo, Kyoto). Inserts of the isolated cDNA clones were also used as probes after being labeled with [a-32P]dCTP by the use of a random primer labeling kit (Takara Shuzo).
Cloning and Sequencing. Plaques of Agtl1 phage were transferred to nylon membranes (Hybond-N+; Amersham). A hybridization with the synthetic oligonucleotide probes was carried out in a hybridization buffer composed of 5 x SSC
(1 x SSC = 0.3 M sodium chloride/30 mM sodium citrate, pH 7.0), 10% formamide, 10 mM sodium phosphate, 0.25% sterilized skim milk (Difco), 10%o dextran sulfate, and 100 pug of denatured salmon sperm DNA per ml at 420C. In the case of the hybridization with labeled cDNA inserts, the concentration of formamide in the hybridization buffer was raised to 40%o. After the hybridization, the nylon membranes were washed with 2x SSC containing 0.1% SDS at 500C. Phages comprising DNA hybridized with the probe were identified by autoradiography or a Bio-Image analyzer (FUJIX BA100, Fuji Film).
The cDNA inserts excised from the phage DNAs were subcloned into the pBluescript II KS(+) (Stratagene) plasmid vector. The subclones were subjected to a nested deletion (12) . Both strands of all the subclones were sequenced by the dideoxy chain-termination method (13) with the aid of Sequenase version 2.0 in the presence of single-stranded DNA binding protein (United States Biochemical).
Peptide Analyses of Chicken Green and Blue. Chicken green was purified as described (9) . Chicken blue was purified by subjecting the chicken blue-enriched fraction (9) to carboxymethyl-Sepharose column chromatography (unpublished data). Highly purified chicken green or blue (0.4 mg each) was digested by lysyl-endopeptidase/Achromobacter lyticus protease I (8 ,ug each; Wako Biochemicals, Osaka) in 10 mM Tris-HCl, pH 9.0/4 M urea/2 mM dithiothreitol for 24 hr at 37°C. After the digest was centrifuged (90,000 x g for 20 min) to remove insoluble materials, the supernatant was applied to a Cosmosil SC18 P-300 column (4.6 x 150 mm; Nacalai Tesque, Kyoto) equipped with a HPLC system (model 600E; Waters). Proteolytic fragments were eluted with a linear gradient (5-90%) of acetonitrile in 0.05% trifluoroacetic acid at a flow rate of 1 ml/min. Amino acid sequences of the purified peptides thus obtained were determined by a gas-phase automated sequencer (model 477A; Applied Biosystems) and a phenylthiohydantoin amino acid analyzer (model 120A; Applied Biosystems).
The Phylogenetic Tree. A phylogenetic tree of visual pigments based on the ratio of amino acid substitution was constructed according to a neighbor-joining method (14) . 
where n(i) denotes the number ofpositively chargeable amino acids arginine (R), lysine (K), and histidine (H); and n(j) denotes the number of negatively chargeable amino acids aspartic acid (D), glutamic acid (E), and tyrosine (Y). Since cysteine residues are often modified posttranslationally (16, 17) , the dissociation of sulfhydryl groups was not considered. Characteristics of the Deduced Amino Acid Sequences. The deduced amino acid sequences of the three clones, ARc2, AF1, and AF7G ( Fig. 1) , had several similarities and differences (Table 1) . First, highly conserved amino acids were found in loop III-IV and V-VI regions, which in bovine rhodopsin are known to interact with transducin (26) . Thus, these cone pigments would also probably interact with transducin, as was shown for chicken red (27) . Second, the amino acid sequences of these three proteins carry a net positive charge at neutral pH (see below). This result is consistent with the chicken cone pigments lacking an affinity for DEAESepharose at pH 6.6 (8, 9) . Thus, chicken cone pigments are in contrast with rhodopsin, which is negatively charged as shown by adsorption to the DEAE-Sepharose (8, 9) .
RNA Blot-Hybridization (Northern Blot) Analysis. A Northern blot analysis of chick retinal poly(A)+ RNA (4 ,g per lane) was performed by using the isolated cDNA inserts as hybridization probes (Fig. 2 ). AF7G and AF1 hybridized with 2.8-kilobase (kb) and 3.1-kb RNA, respectively. ARc2 hybridized with a single faint band (3.7 kb). AF9Rh showed a main band (1.6 kb) and a faint band (2.5 kb), suggesting multiple transcription sites in chicken retina as have been observed in rat, human, and frog opsin genes (28 deduced from AF7G. Accordingly, the protein (355 amino acids) encoded by AF7G was assigned to be chicken green. Chicken green, which was very similar (73.2% identical) to chicken rhodopsin, displayed two potentially palmitoylated cysteines in the carboxyl-terminal region and two potentially glycosylated asparagines in the amino-terminal region (Table  1) . However, the other two clones (AFi and ARc2) had only one cysteine and one asparagine residue. These characteristics of the deduced sequence of chicken green are consistent with the following biochemical results. (i) An antiserum raised against bovine rhodopsin reacted with not only chicken rod cells but also those single cone cells with a deep-yellow oil droplet (29) in which chicken green is present (30, 31) . (ii) Chicken green and rhodopsin showed a higher affinity for concanavalin A-Sepharose than did chicken red, blue, and violet (8, 9) , suggesting chicken green shares with rhodopsin similar amino acid-bound carbohydrates.
On the basis of the partial amino acid sequence of the seventh transmembrane region of chicken blue (Ser-Ser-ThrVal-Tyr-Asn-Pro-Val-Ile-Tyr-Val-Leu-Met-Asn-Lys), which was determined as described above, the second clone AFi was assigned to encode chicken blue (absorption maximum, tCalculated by using the molar extinction coefficients (E) of tryptophan (5559 M-1 cm-1) and tyrosine (1197 M-1 cm-1) (25) .
§Presumed by observations concerned to bovine rhodopsin (single-letter amino acid code is used). . The primary structure of chicken blue (361 amino acids) showed relatively low similarity (39.3-54.6%) to any other known vertebrate visual pigment (Fig. 3) .
As we have not yet succeeded in purifying chicken violet, no direct sequence data are available at present. However, the assignment that the third clone (ARc2) encodes chicken violet is strongly supported by the following two facts. (i) ARc2 mRNA was less abundant than AF1 mRNA, as shown by the Northern blot analysis (Fig. 2) . This is consistent with there being less (=20%; ref. Net Charge of the Pigments. It should be noted that many of the positively charged residues in chicken green (Lys-36, Arg-38, Lys-64, Arg-225, Lys-229, and Lys-279) were replaced with noncharged residues as seen in bovine rhodopsin (Fig. 1) . Furthermore, noncharged residues in chicken green (Gln-122, Ala-150, and Pro-196) were replaced with glutamate residues as seen in bovine rhodopsin. These replacements brought a striking shift of the isoelectric point from basic (pI = 9.4) to acidic (pI = 5.9) ( Table 1) . When the net charges of the cone and rod visual pigments were plotted against environmental pH (Fig. 4) rod and cone pigments. Thus, in higher vertebrates, rod and cone pigments are negatively and positively charged, respectively, at neutral pH. Although the physiological significance of the molecular charge is not clear yet, some critical differences in the photoresponses between rod and cone cells (pigments) might be attributed to the opposite charges of the pigment molecules.
Molecular Evolution of Visual Pigments. The amino acid sequences of chicken visual pigments were compared with other vertebrate pigments (Fig. 1) , and the percent identities in amino acid sequence were calculated (Fig. 3) . Both figures clearly show that the known vertebrate visual pigments can be classified into four groups (long, short, and two kinds of middle-wavelength pigment groups: L, S, and M1/M2, respectively).
A phylogenetic tree of the vertebrate visual pigments (Fig.  5) was constructed by the neighbor-joining method (14) based upon amino acid identity (Fig. 3) . The reliability of the tree topology was evaluated by bootstrap resampling (15) . All of the tree topologies generated by resamplings 500 times were the same as that shown in Fig. 5 except for two regions. (i) Probability of the occurrence of the relationship among pigments in group L (chicken red, human red and green, and three fish pigments) illustrated in Fig. 5 is relatively low (P = 0.81).
(ii) Group M1 might be joined directly with group S (P = 0.30) instead of group M2 (P = 0.70) as illustrated in Fig. 5 .
The root of the vertebrate pigments (node A in Fig. 5 Chicken red (10), human red (3), human green (3), and three kinds of putative fish visual pigments (19, 20) are clustered in group L, while chicken violet and human blue (3) are in group S. In contrast, neither chicken blue nor green can be clustered with other known cone pigments. Chicken blue should be classified in a previously unreported group termed "group M1." Most interestingly, chicken green belongs to a large family (group M2) in which many kinds of vertebrate rhodopsins (group Rh) are included (see below). The phylogenetic tree demonstrates that an ancestral visual pigment evolved first into four groups (groups L, S, Ml1, and M2), each of which includes one of the chicken cone pigments.
All of the sequenced cone visual pigments can be placed in either group L or group S with the exception of chicken blue and chicken green, whose sequences are reported herein. Which diverged earlier, rod and cone pigments or groups L and S, has been a moot question (32) . The present determination of the primary structure of chicken green, which is closely related to that of vertebrate rhodopsin, should give a definite point of divergence between rod and cone pigments (node D in Fig. 5 ). Thus, it is evident that vertebrate rhodopsins (group Rh) diverged from group M2 after the divergences of the ancestral pigment into the four groups. As already described, lamprey rhodopsin shows an intermediate profile in molecular net charge (Fig. 4) . This is consistent with the topology of the phylogenetic tree and suggests that a molecular net charge has varied from basic to acidic in the course of evolution from cone to rod pigments.
It is reasonable to consider that the ancestral visual pigment is similar in character to cone visual pigments rather than vertebrate rhodopsins. Rhodopsin of the lowest vertebrate (lamprey) and that of higher vertebrates diverged much later than the divergence of the cone pigments into the four groups. Taken together, we propose the hypothesis that animals had acquired the ability to distinguish color at least at the stage of the lowest vertebrate and acquired scotopic vision later.
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